gallbladder bile of the same individuals.
Ninety-nine percent of the bilirubin in adult bile was conjugated. The proportion of conjugated bilirubin in infant bile and meconium was only slightly lower. Adult bile contained more bilirubin diconjugates than monoconjugates, whereas only 20% of the bilirubin in infant bile and meconium was in the form of diconjugates.
The predominant azopigment in adult bile was azopigment 6 ( a glucuronide). Infant bile contained less azopigment 6, more azopigment a (azodipyrrole), and a so far unidentified conjugated azopigment (azopigment 8). Azopigment 8 was also found in meconium but adult gallbladder bile contained only trace amounts of this pigment.
Speculation
The metabolism of pigments in human meconium and bile is not yet well understood. T o learn more about this area an animal model is required. In this investigation the pigments in adult human bile, infant bile, and meconium were compared with corresponding suitability of such an animal model for an investigation of this aspect of neonatal bilirubin metabolism.
The metabolism of bilirubin in adult primates and other animals is relatively well understood ( 1 . 7) . whereas that of newborns and fetuses is more controversial (2, 15, 23) . Hepatic glucuronyl transferase activity in fetal and newborn humans has been demonstrated (13, 15) . However, it is not yet established whether the same transferase is responsible for the production of monoconjugates and diconjugates, nor is the specificity of glucuronyl transferase for substrates other than glucuronides established. Conjugation of exogenous and endogenous substrates in the fetus at term was found to be less efficient than in adults. and to increase soon after birth (8, 14, 16, 22) . I n the fetal dog hepatic conjugation of bilirubin and excretion into the intestine appeared to be the principal mechanism of bilirubin elimination (23) . I n fetal monkeys transfer of unconjugated bilirubin across the placenta predominated (2, 21) . Conjugated bilirubin administered to monkey fetuses, however, was not transferred across the placenta in significant amounts (17) . Even in primates. some bilirubin (ap-proximately 4% of the amount produced during gestation) was excreted into the bile and could be detected in the meconium (15) .
Bilirubin in meconium (12) and in newborn infant feces (5) has been claimed to be mostly unconjugated. These results might be explained by the excretion of unconjugated bilirubin by the fetal and newborn liver but might also be the result of p-glucuronidase activity in the gallbladder or intestines which deconjugated bilirubin glucuronide produced by the liver (5) .
Bilirubin or its derivatives may be reabsorbed from the meconium (20) . This possibility increases the importance of identifying accurately the pigments in meconium. The recently developed chromatographic methods of Heirwegh er al. (lo), which can distinguish between different conjugated bilirubins, represent a considerable advance in this field. We have therefore used these newer methods as well as older quantitative methods to compare the bilirubins in the gallbladder and meconium of newborn human infants and nonhuman primate infants with the pigments in the gallbladder of adult humans and adult nonhuman primates.
MATERIALS AND METHODS

COLLECTION OF HUMAN AND MONKEY BILE AND MECONlUM
Adult human bile was obtained from individuals over 25 years old autopsied within 24 hr of death. The causes of death were heart attacks or strokes. Infant bile and meconium were obtained from full term stillborn infants and infants who lived for less than 2 days. Autopsies were performed no later than 24 hr after death. All specimens were obtained from infants without obvious hepatic disease.
Adult monkey biles were obtained from monkeys aged 1-5 years. The animals were killed by an overdose of Diembutal and autopsied. Two animals had been exposed to a low level of ozone (0.8 ppm for 7 days) before autopsy and the other three animals had been unexposed controls in that experiment. The infant monkeys used in this investigation had died shortly after birth without any obvious disease, most likely as the result of an accident or of mishandling by the mother. Autopsies were performed within 8 hr of death. Meconium was obtained from mid-to lower parts of the small intestines.
The materials collected were immediately frozen in dark containers and kept at -20°. Weighed aliquots of bile or meconium were thawed in the dark and diluted with 0.1 M NaCl solution. All meconium used was collected from the lower part of the small intestines. (10) Toral Bilirubiri by Diazotized p-lodoaniline. Biles and meconium from three individuals of each species were used for the determination of total bilirubin. In a glass-stoppered test tube 0.5 ml diluted test solution was mixed with 2.0 ml accelerating reaction mixture (acetone-ethanol, 1.1 v/v) containing 2,h-di-tertbutyl-p-cresol at a concentration of 15 mg/ml and kept a few minutes on ice and in darkness. After mixing. 0.5 ml diazo reagent was added and mixed. The diazo reagent was prepared as follows: 0.15 ml NaNO, (100 mg/ml) was mixed with 4.0 ml 2.0 M p-toluene sulfonic acid. Two milliliters of this solution were mixed with I . O ml p-iodoaniline solution (21 mg p-iodoaniline dissolved in 1.0 ml glacial acetic acid). This mixture was allowed to stand for 3 min at room temperature. Then 5.0 ml water were added. followed by 0.1 ml ammonium sulfamate (1.5 M). The solution was mixed and kept on ice for 5 min.
DETERMINATION OF CONJUGATED AND TOTAL BILIRUBIN
After mixing, the diazo coupling process was allowed to proceed for 60 min on ice and in the dark. Excess diazonium salt was then destroyed by the addition of 3.0 ml terminating reagent (ascorbic acid 10 rng/ml dissolved in 0.1 M NaCI).
The azopigments were then extracted with 2.5 ml n-butyl acetate by vigorous shaking. Blanks were run in parallel, using a diazo blank reagent (21 mg p-;odoaniline per ml glacial acetic acid) mixed with 2.0 ml 2.0 M p-toluene sulfonic acid and 5.0 ml freshly prepared aqueous ascorbic acid solution (100 mg/ml).
The concentrations of total bilirubin were calculated from the absorption of diazotized p-iodoaniline pigments at 520 nm. A calibration curve was obtained with a bilirubin solution prepared in 0.2 ml 0. I M N a O H (containing 1 m M disodium EDTA), diluted with 5.0 ml human serum, and later serially diluted with 0.15 M NaCI (10). The serum used was from a normal adult individual. The readings of this calibration curve were within 5% of another curve in which saline was used for dilution. Readings were obtained at 520 nm. Each point on the standard curve was the mean of four replicate experiments. All absorptions were read using a Beckman DR-Du-2 spectrophotometer no. 109810. With every subsequent experiment two known bilirubin concentrations were run as standards. Dry weights of bile and meconium were obtained by drying at 100°.
Unconjugared Bilirubin by Diazorized p-lodoanilitie (4) . Bile and meconium from four different individuals of each species were used for the determination of unconjugated bilirubin. In a glassstoppered test tube 1.0 ml diluted test solution was mixed with I.@ ml salicylic acid buffer at pH 8.15 (20 mg salicylic acid, 3.09 ascorbic acid. 2.7 g K,HPO,. and 9.5 ml 2 M KOH. adjusted to 50.0 rnl with distilled water) and 2.0 ml chloroform (freshly washed with 10% Na,S,O,). The mixture was shaken vigorously and centrifuged at 3,000 rpm for 20 min. The chloroform phase was separated from the aqueous solution and used for diazo coupling with p-iodoaniline.
One milliliter of the chloroform extract was mixed with 1.0 ml ethanol and 1.0 ml acetone. Then 0.5 ml diazotized p-iodoaniline was added and diazo coupling was allowed to proceed as described above for total bilirubin determinations. After the addition of ascorbic acid the mixture was shaken and centrifuged. The azopigments present in the organic phase were separated and absorption was read at 520 nm. One milliliter of a chloroform extract of adult bile known to contain no unconjugated bilirubin was used as a blank with the diazo reagent as described above.
A calibration curve was obtained as described above except that for this curve six different bilirubin concentrations in 1.0 ml chloroform were employed.
The unconjugated azopigment fractions obtained were analyzed for the presence of contaminant conjugated azopigments by the thin layer chromatographic method described below.
Anal~,sis of Bilirubin Conjugares in Bile and Mecotiium by Diazotized Ethyl Atithranilate Merhod. T o prepare azopigment, 0.2 ml appropriately diluted solution of bile or meconium in NaCl was transferred into a glass-stoppered test tube. T o this 0.2 ml glycine-HCI buffer at pH 2.7 (0.4 M HCI adjusted to pH 2.7 with solid glycine) was added. After mixing, 0.2 ml diazoethyl anthranilate diazo reagent was added. The diazo reagent was prepared as follows: 0.1 ml ethyl anthranilate was finely suspended in 10 ml 0.15 M HCI; 0.3 ml sodium nitrite solution ( I 0 mg/ml) was added. mixed, and allowed to stand at room temperature for 5 min; 0.1 ml ammonium sulfamate solution (10 mg/ml) was then added, mixed. and this diazo reagent was used 3 min later. This mixture of diazo reagent and appropriately prepared specimen was allowed to stand at room temperature for 30 rnin, after which 0.2 ml ascorbic acid solution (10 mg/ml) was added and mixed.
Azopigments were extracted by vigorous shaking with 0.5 ml extraction solvent (pentan-2-one: n-butylacetate. 17:3, v/v). After centrifugation the organic phase was separated and used for thin layer chromatography.
THIN LAYER CHROMATOGRAPHY
Bile and meconium from four o r five individuals of each species were used for chromatographic separation of azopigments obtained with assay procedures B and C using glass plates (20 x 20 crn) precoated with silica gel G (E. Merck Darmstadt, Germany).
The plates were developed successively with chloroformmethanol (17:3 v/v for 3.0-4.0 cm. and then with chloroform containing 6% ethanol for 18.0 cm followed by chloroform-methanol-water (65:25:3 by volume) for 18.0 cm. The plates were dried in a closed cabinet between developments. Development was allowed to proceed in the dark and at room temperature.
ESTIMATION O F PROPORTIONS O F VARIOUS AZOPIGMENTS SEPARATED CHROMATOGRAPHICALLY
The dried plates were photographed and then scanned with a Schoeffel S.D. 2000 rapid scan chromatograms analysis system. Scanning was performed using transmitted light. The illuminating wave length was 530 nm and the emission of spots was read at 530 nm. The percentages of the azopigments in bile and meconium were calculated from the recorded charts. (TABLE I) The highest bilirubin concentrations were found in human adult bile. Bile from adult monkeys, infant monkeys, and human infants contained approximately half as much bilirubin. Meconium contained less bilirubin than the bile of the same individuals. Approximately one-tenth of the concentration of bilirubin was present in meconium compared with the gallbladder bile.
RESULTS TOTAL BILIRUBIN
UNCONJUGATED BILIRUBIN (TABLE 2)
Less than I% of the bilirubin in adult bile. from both humans and monkeys, was unconjugated. When chloroform-extracted azopigments were chromatographically separated. all of the azopigment was azodipyrrole cuo (9) . This confirmed that the unconjugated fraction did not contain any bilirubin conjugates.
Infant human bile contained 1 5 % of unconjugated bilirubin and infant monkey bile I-4% unconjugated bilirubin, all in the azodipyrrole n o form.
Meconium of human infants and monkeys varied markedly in its percentages of unconjugated bilirubin. Some samples contained very little, others considerably more. When the chloroformextracted azopigments were chromatographically separated, most of the azopigment was azodipyrrole cuo. However, small quantities of other azopigrnents, mainly other n's and , 8 (9) were also present. 6 ) in infant human and monkey bile. respectively.
There was a higher proportion of azodipyrrole N O (39.5% and 34.5%) in infant human and monkey bile, respectively. An unknown conjugated azopigment (p), found only in trace amounts in adults, accounted for 20.5% and 23.8% of the azopigrnents in the conjugated fraction of infant human and infant monkey bile. respectively.
Human and Monkey Meconium. The proportion of glucuronides in meconium was lower than in the gallbladder bile of the same individuals. Azodipyrrole monoglucuronide (azopigment 6 ) accounted for 17.0% and 17.4% of the azopigments in human and monkey meconium, respectively. Of the azopigments. 40% and 29.8% were in the form of azopigment 0 ; 32% and 40% were azodipyrrole tuo in human and monkey meconium, respectively.
DISCUSSION
Our observation that unconjugated bilirubin accounted lor less than I% of the total bilirubin in adult human and monkey autopsy bile (Table 2 ) agrees with previous observations on duodenal aspirates (9) from normal human adults. We found a lower percentage of the conjugated azopigment d in gallbladder samples at autopsy (Table 3 ) than was found in duodenal aspirates of normal human adults (9) . Bile collected immediately after death gave results similar to those collected some hours after death (3). Storage of specimens for 24 and 48 hr at 4' did not change significantly in their azopigment composition. Our human adult specimens thus had a higher percentage of azodipyrrole n o than those of Fevery et a/. (9) . This indicates a larger proportion of monoconjugates of bilirubin to diconjugates in our specimens (around 50%) than in those of Fevery et al. (9) . The monkey bile contained a higher percentage of azopigment i , (77.6%) and a lower percentage of azodipyrrole n o (15%)) than that of humans. This indicates a higher proportion of diglucuronides (about 70%) in monkey bile than in human bile.
Newborn gallbladder bile also was mostly conjugated (95-99%. Table 2 ). This suggests that the liver of the newborn is capable of conjugating almost all the bilirubin excreted into the bile. The meconium contained no more than 15% of unconjugated bilirubin (Table I) . These findings do not support the results of Heringova el al. (12) and of Brodersen and Hermann (5) . Both authors claimed that most of the bilirubin in the feces of newborns was in ihe unconjugated form. We are aware of the fact that substantial amounts of pigment in meconium are not readily extracted by any of the conventional methods. It seems likely that much of this unextracted pigment is not bilirubin. It is possible, however, that some unconjugated bilirubin was bound to proteins or other substances and therefore may not have appeared in our results.
The conjugated fraction of newborn bile contained a higher percentage of azodipyrrole NO, indicating a higher percentage of monoconjugates (Table 3) , approximately 80% in infants (70% in monkey infants) compared with approximately 50'?h in adult humans (30% in adult monkeys). The higher percentage of monoconjugates in bile of newborns than of adults is consistent with the suggestion that the conjugation of bilirubin by the newborn liver is less efficient than that of the adult liver (8. 14, 16, 22, 23) .
Newborn bile contained a lower proportion of glucuronide conjugates (pigment 6 ) in relation to other conjugates (particularly pigment 8 ) than that of adults (Table 3) . Pigment P is, so far, an unidentified conjugate not present in normal adult bile (see Fig. I ). This conjugate has, however, been observed in the biles from patients and Wistar rats with biliary obstruction (9) . These observations indicate that in the conjugation of bilirubin the newborn liver uses a lower proportion of glucuronic acid and a higher proportion of other carbohydrates than the adult liver. The proportion of monoconjugates in the conjugated bilirubin fraction of meconium, as indicated by the cue fraction, was similar to that in infant bile, and amounted to approximately 75-80%. Most of the monoconjugated bilirubin (approximately 60%) was in the form of the unidentified conjugate which gave rise to azopigment / 3 (Table 3 ). Less than 20% was in the monoglucuronide form. The higher ratio in meconium of azopigment to monoglucuronide suggests that the bilirubin conjugates in meconium are not simply formed by the action of an intestinal 8-glucuronidase (19) on bile and/or meconium. The possibility that the bile pigments in meconium were formed when the liver was less mature and produced a higher proportion of nonglucuronide conjugates arises. This suggestion also fits in with the observation that hepatic UDP-glucuronyl transferase is lower the more premature the infant is at birth (18) . However, the higher proportion of unconjugated bilirubin in meconium than in newborn biles may be because of deconjugation of conjugated bilirubin by P-glucuronidase (18) . mainly in the intestines of the fetus.
S U M M A R Y
Virtually all of the bile pigments in gallbladder bile of adult humans and rhesus monkeys (M. mulatta) were bilirubin conjugates. Less than 1% consisted of unconjugated bilirubin. The predominant conjugate was bilirubin diglucuronide. Infant human and monkey bile and meconium were also predominantly composed of conjugated bilirubins, only about 1-5% of the total bilirubin in bile and 1-15% in meconium being unconjugated. However, there was a difference in the type of conjugates found in infant bile when compared with those in adult bile. The bile and meconium of newborns contained less of the diglucuronide and more monoconjugates as well as a so far unidentified conjugate found only in trace amounts, if at all, in adults.
